Qingke (Tibetan hulless barley) has long been cultivated and exposed to long-term and strong UV-B radiation on the Tibetan Plateau, which renders it an ideal species for elucidating novel UV-B responsive mechanisms in plants. Here we report a comprehensive metabolite profiling and metabolite-based genome-wide association study (mGWAS) using 196 diverse qingke and barley accessions. Our results demonstrated both constitutive and induced accumulation, and common genetic regulation, of metabolites from different branches of the phenylpropanoid pathway that are involved in UV-B protection. A total of 90 significant mGWAS loci for these metabolites were identified in barley-qingke differentiation regions, and a number of high-level metabolite trait alleles were found to be significantly enriched in qingke, suggesting coselection of various phenylpropanoids. Upon dissecting the entire phenylpropanoid pathway, we identified some key determinants controlling natural variation of phenylpropanoid content, including three novel proteins, a flavone C-pentosyltransferase, a tyramine hydroxycinnamoyl acyltransferase, and a MYB transcription factor. Our study, furthermore, demonstrated co-selection of both constitutive and induced phenylpropanoids for UV-B protection in qingke.
INTRODUCTION
Barley is one of the earliest domesticated crops and is the world's fourth most abundant cereal, being widely used in food products, in the brewing industry, and as a stock feed (Ullrich, 2011) . Compared with cultivated barley, which has a covered caryopsis, six-rowed hulless (or naked) barley (Hordeum vulgare L. var. nudum), also called ''qingke'' in Chinese or ''nas'' in Tibetan, has been used as a major staple food in the Tibetan Plateau (Xu, 1982; Ma and Xu, 1988) , and has attracted considerable interest due to its high content of soluble dietary b-glucans and arabinoxylan, which are beneficial for human health (Hecker et al., 1998; Jadhav et al., 1998; Edney et al., 2010) . Mainly cultivated in the Tibetan Plateau (>4000 m above sea level), which is characterized by high levels of UV-B radiation (about 65 kJ m À2 in the summer) (Norsang et al., 2009) , low temperatures (average yearly temperature of 7.6 C) (Zhang et al., 2015a) , and low barometric pressure (about 650 mbar) (Ferl et al., 2002) , qingke may, therefore, have been domesticated under both artificial and natural selection pressures distinct from those experienced by cultivated barley from other regions (Zeng et al., 2015 (Zeng et al., , 2018 . For example, the Nud gene encoding an ethylene response factor family transcription factor that controls the caryopsis type of the grain was found to have experienced only a single fortuitous mutation event, complete deletion, in all hulless barley accessions, indicating the strong effect of farmer selection (Taketa et al., 2008) . The naked caryopsis renders the hulless barley grain more exposed to environmental conditions meaning that it is subjected to more biotic/abiotic stresses. One of these stresses, UV-B radiation, causes certain physiological changes in plants, such as overproduction of reactive oxygen species and subsequent oxidative stress and a reduction in biomass and stature (Mittler et al., 2004; Hideg et al., 2013) .
Plants have developed diverse strategies to ameliorate the detrimental effects resulting from UV-B radiation, with one of the most important aspects of the hierarchical metabolic response being the production of additional antioxidant protectants, mainly ascorbate, sinapoyl-esters and flavonoids (Casati et al., 2011; Kusano et al., 2011; Tohge et al., 2011; Kaling et al., 2015; Tohge and Fernie, 2017) . Ascorbate is a potent antioxidant that is found in all photosynthetic eukaryotes, whereas flavonoids and sinapoyl-esters display clear plant species specificity. Algae and early plants such as moss may rely mainly on hydroxycinnamoyl alcohols or flavonoid O-glycosides to cope with UV-B irradiation (Weng and Chapple, 2010; Tohge et al., 2013; Clayton et al., 2018) . During the evolution of the downstream phenylpropanoid pathway, most plants have adopted flavonoids as the major line of defense in resisting UV-B radiation. Arabidopsis mutants that do not accumulate flavonols, sinapoyl-esters, and ascorbate are highly UV-B sensitive (Li et al., 1993; Lois, 1994; Landry and Last, 1995; Conklin et al., 1996; Jin et al., 2000) , while overaccumulation of phenylacylated flavonols and flavone O-glycosides confers enhanced UV-B tolerance in Arabidopsis and rice (Peng et al., 2017) , respectively, suggesting species-specific contributions of various phenylpropanoids in UV-B protection. Being cultivated under strong, long-term UV-B radiation in the Tibetan Plateau has rendered qingke an ideal target for elucidating global and possible novel UV-B metabolite protectant response mech-anisms, although the relatively large genome size and the lack of genomic resources for this species have been substantial barriers so far.
Despite the fact that phenylpropanoid compounds have been demonstrated to have important roles in the response to abiotic/biotic stresses, the biosynthetic and regulatory pathways of certain phenylpropanoids such as flavone C-glycosides and aromatic phenolamides (PAs) require further investigation. In monocots such as the major cereal crops, one of the predominant classes of phenylpropanoids are flavone C-glycosides represented by the flavone C-hexosides and C-pentosides (Brazier-Hicks et al., 2009) . C-Glycosylflavones are synthesized from flavanone via C-glucosylation of 2-hydroxyflavanone or flavone, which is catalyzed by uridine diphosphate (UDP)sugar-dependent glycosyltransferase (UGT), namely C-glycosyltransferase (CGT) (Brazier-Hicks et al., 2009) . Several CGTs have been identified and characterized in rice (Oryza sativa) (Brazier-Hicks et al., 2009) , maize (Zea mays) (Falcone Ferreyra et al., 2013) , buckwheat (Fagopyrum esculentum) (Nagatomo et al., 2014) , soybean (Glycine max) (Hirade et al., 2015) , and gentian (Gentiana triflora) (Sasaki et al., 2015) . All these CGTs display in vitro activities consistent with the biosynthesis of flavone C-glucosides and the use of UDP-glucose, but not UDP-pentose, as a sugar donor. PAs, also referred to hydroxycinnamic acid amides, are a diverse group of plant specialized metabolites (Bassard et al., 2010) . A critical step for the biosynthesis of PAs, is the coupling of a hydroxycinnamoyl (coumaric, caffeic, or ferulic acid) to an aliphatic polyamine (agmatine, putrescine, and spermidine) or an arylmonoamine (tyramine, tryptamine, and serotonin) moiety, catalyzed by a diverse range of specific hydroxycinnamoyl transferases (Bassard et al., 2010; Dong et al., 2015) . Genes responsible for the formation of the aliphatic type of PAs exclusively encode BAHD acyltransferase enzymes, which were named after the first four biochemically characterized enzymes of this family benzylalcohol O-acetyltransferase, anthocyanin O-hydroxycinnamoyltransferase, anthranilate N-hydroxycinnamoyl/benzoyltransferase, and deacetylvindoline 4-O-acetyltransferase (D'Auria, 2006) . For hydroxycinnamoyl arylmonoamines, several tyramine N-hydroxycinnamoyl transferases (THTs) have been identified and biochemically characterized, mostly in the Solanaceae (Hohlfeld et al., 1995; Farmer et al., 1999; Schmidt et al., 1999; Back et al., 2001; Von Roepenack-Lahaye et al., 2003; Kang et al., 2006) . Unlike those of aliphatic polyamine acyltransferases, the amino acid sequences of THTs display substantial similarities with mammalian spermidine/spermine acetyltransferases and more generally GCN5-related N-acetyltransferases (GNATs) (Bassard et al., 2010) . Despite the studies to date, naturally occurring variation in the biosynthesis and regulation of aromatic PAs in plants remains largely unknown.
Here we conducted comprehensive metabolic profiling and a subsequent metabolite-based genome-wide association study (mGWAS) in the grain and leaf of both qingke and cultivated hulled barley (termed barley hereafter). We detected significant variants controlling the levels of metabolites that potentially confer UV-B adaptation. Of the variants differentially selected in qingke, most are found in genes responsible for the biosynthesis of phenylpropanoids. Finally, we characterized structural and Molecular Plant 13, 112-127, January 2020 ª The Author 2019. 113
Co-selection of UV-B Responsive Pathways in Qingke regulatory genes controlling natural variation of the levels of qingke phenylpropanoids. In this study, we also demonstrated co-selection of both constitutively and inducibly accumulated phenylpropanoids during the adaptation to UV-B in qingke. We also dissected the genetic and biochemical bases of the entire UV-B-responsive phenylpropanoid pathway including the identification of novel genes and the roles of their functional variants in determining the natural variation of the biosynthesis and regulation of C-glycosylated flavone and aromatic PAs.
RESULTS

Metabolic Profiling of Qingke and Barley
Samples of grain at the harvest stage and leaf at the five-leaf stage (termed grain and leaf hereafter) were collected from 196 accessions of qingke and barley (Supplemental Table 1 ), and an MS2 spectral tag (MS 2 T) library was constructed based on a previously developed liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based widely targeted metabolic profiling method (Chen et al., 2013) . A data matrix was generated, consisting of 2059 metabolic features including 955 in grain (283 annotated) and 1104 in leaf (357 annotated), with 234 (126 annotated) detected in both tissues ( Figure 1A ). Of these metabolic features, 143 were identified using authentic standards, and 372 were putatively annotated as described previously ( Supplemental Tables 2 and 3) ; the features include amino acids, flavonoids, PAs, coumarins, quinates, vitamins, nucleic acids, and lipids. More than 65% of the metabolic features in grain and leaf showed coefficients of variation (CV) greater than 50% (Supplemental Figure 1A ), suggesting significant variation in these features in qingke and barley. Of these, flavonols and anthocyanins in grain showed the highest CV with averages up to 271.5% and 241.5%, respectively, while glycerophospholipids in leaf displayed the lowest CV with an average of 35.6% (Supplemental Table 4 ).
Clustering analysis based on the levels of metabolites in both grains and leaves divided these varieties into two major groups, represented by barley (clade I) and qingke (clade II and III) ( Figure 1B ), which were further confirmed by principalcomponent analysis (PCA) (Supplemental Figure 1B) . Compared with barley, 98 metabolites (64 and 34 grain and leaf metabolites, respectively) were accumulated to significantly higher levels in qingke, including 10 amino acid derivatives, 6 nucleotide derivates, 2 hydroxycinnamoyl acids, 11 anthocyanins, 32 flavone/flavonol O-glycosides, 4 flavone C-pentosides, 8 PAs, 10 hydroxycinnamoyl quinates, 3 vitamins, 3 phytohormones, and 173 unknown metabolic features (Figure 2A , Supplemental Table 5 ). Interestingly, 77 out of the 98 metabolites were phenylpropanoid precursors, intermediates, or derivatives. Among these phenylpropanoid precursors and intermediates, L-tryptamine and 1-O-beta-Dglucopyranosyl sinapate showed significantly elevated levels in qingke when compared with barley, with average levels up to 4.9-and 4.6-fold, respectively ( Figure 2B ). Phenylpropanoids, such as cyanidin 3-O-glucoside, chrysoeriol 7-O-hexoside, and apigenin 8-C-pentoside, and phenylpropanoid derivatives, such as N-feruloyl tyramine, 3-O-p-coumaroyl shikimic acid, and 3-O-p-coumaroyl quinic acid O-hexoside, also displayed significant overaccumulation in qingke ( Figure 2B ).
Apart from cultivated barley, 45 hulless barleys from non-Tibetan Plateau areas (other hulless barley, Supplemental Table 6 ) were collected and used for the comparison of metabolic accumulation between hulless barleys and qingke. Significantly higher levels of 156 metabolites, including 16 amino acid derivatives and 81 phenylpropanoids (66 for grain and 15 for leaf), were observed in the grain and leaf of qingke compared with other hulless barleys (Supplemental Table 7 ). Comparing this result to the metabolic variation between qingke and barley revealed that 61 metabolites showed overaccumulation in qingke in both comparisons, and 50 of these metabolites were phenylpropanoid precursors, intermediates, or derivatives, suggesting overaccumulation of metabolites from different branches of the phenylpropanoid pathway in qingke. Since these metabolites have been widely reported to play vital roles in defense against UV-B radiation, it appears reasonable to suggest that the abundance of these phenylpropanoids in qingke is related to the adaptation of qingke to high UV-B radiation levels.
Induced Accumulation of Metabolites Responsible for UV and Cold Tolerance in Qingke
To provide insights into the metabolic response of qingke under UV-B exposure, two qingke varieties from clade II and one purple grain qingke from clade III ( Figure 1B) were randomly selected and the qingke seedlings were exposed to UV-B radiation for 24 h. Metabolic analysis subsequently revealed 91 significantly upregulated and 95 significantly downregulated metabolic features, of which it was possible to annotate 29 and 42, respectively. Among the significantly upregulated metabolic features were nitrogen-containing compounds, including aromatic PAs, such as N-feruloyl tyramine, N-feruloyl tryptamine, and N-feruloyl serotonin, indole derivatives, and LPCs (saturated fatty acids), with average increases in levels up to 248.8-, 9.3-, and 8.4-fold, respectively. Similar results were obtained for amino acids, coumarins, and terpenoids, such as L-arginine, L-tyrosine, 7-hydroxycoumarin-betarhamnoside, and phytocassane C ( Figure 2C , Supplemental  Table 8 ). However, most flavonoids in qingke, including apigenin/luteolin/chrysoeriol O-/C-glycosides and flavonol O-glycosides showed no significant changes upon UV-B radiation. The levels of phosphorylated nucleotides, tricin O-glycosides, LPCs (unsaturated fatty acids), and vitamins, decreased, with changes in levels as low as 0.08-, 0.13-, 0.51-, and 0.02fold, respectively ( Figure 2C , Supplemental Table 8 ). Further KEGG pathway enrichment analysis revealed that the pathways arginine and proline metabolism, arginine biosynthesis, phenylalanine, tyrosine, and tryptophan biosynthesis, and tryptophan metabolism, were significantly enriched in upregulated metabolites ( Figure 2D ). These observations suggested that aromatic amino acids, glycerophospholipids, PAs, and coumarins might function as important inducible protectants for qingke, which receives long periods of intense UV-B irradiation (Dahlback et al., 2007; Norsang et al., 2009) . Interestingly, all these pathways, except glycerophospholipids, belong to the phenylpropanoid pathway or its precursor pathways.
To determine how the metabolites respond to cold, qingke seedlings were exposed to cold stress for 24 h. Metabolic analysis was performed and revealed that 81 metabolites were upregulated in qingke under cold stress, including five Co-selection of UV-B Responsive Pathways in Qingke phenylpropanoid precursors and 37 phenylpropanoids and phenylpropanoid derivatives (Supplemental Table 9 ). For example, 19 flavones/flavonols/flavonolignans, four PAs, and four coumarins were significantly upregulated under cold treatment. For the 98 metabolites overaccumulated in qingke, 4 and 12 metabolites showed significant upregulation under UV-B and cold treatment, respectively. Among these, two PAs, Nferuloyl tyramine and N-p-coumaroyl hydroxydehydroagmatine, showed significant upregulated accumulation under both UV-B and cold stress, suggesting multiple protective roles of inducible aromatic PAs in UV and cold tolerance in qingke.
Genetic Basis of Metabolic Differences in Qingke and Barley
We sequenced 196 worldwide qingke and barley accessions using the Illumina HiSeq 4000 platform, generating a total of 10.8 terabases of sequence data. Sequences from these accessions were aligned to the qingke genome reference (3.6 Gb without N) (Zeng et al., 2015) . For these samples, the average read mapping rate varied from 93.86% to 96.95%. After imputation, we selected SNPs with missing rates of less than 20%, resulting in a total of 19 248 055 SNPs. We then performed mGWAS for the full population (196 lines) of qingke and barley using a linear mixed model (LMM) that results in fewer false positives by taking into account the genome-wide patterns of genetic relatedness. The genome-wide significance threshold, P LMM , was set to 1.42E-08 after Bonferroni correction (Supplemental Table 10 ). We detected a total of 4308 and 3175 lead SNPs for 214 grain metabolites and 201 leaf metabolites ( Supplemental Table 11 ), respectively, corresponding to a total of 920 and 825 loci (Supplemental Table 12 ). The metabolites detected had at least one significant association, with an average of 18 associations per metabolite. In general, these SNPs explained a large percentage of the variation: up to 43.7%, with an average of 3.4% (Supplemental Table 13 ). The full lists of repeatedly detected significant associations are presented in Supplemental Table 11 . Manhattan plots of the significant loci for metabolites, including flavonoids, PAs, coumarins, quinates, vitamins, amino acids, nucleotide derivatives, lipids, and phytohormones, both in the grain and leaf are also illustrated ( Figure 3A ), as are other unknown metabolites (Supplemental Figure 2) .
To further reduce false-positive signals and identify more powerful association signals, we performed gene-based GWAS (Bakshi et al., 2016) . The association P value for a set of SNPs in a gene was calculated for the 415 metabolites with significant mGWAS associations. When mapping the significantly associated genes to the significant mGWAS loci, a total of 19 723 genes were identified for 3722 GWAS loci significantly associated with 229 metabolites. These loci potentially contain more reliable positive signals ( Supplemental Table 14 ), and could also be used for candidate gene identification.
Further insights into the GWAS results for the 89 phenylpropanoids, including 77 phenylpropanoids that showed constitutive overaccumulation in qingke, and 12 phenylpropanoids that were significantly upregulated following UV-B treatment, revealed 1638 significant lead SNPs associated with a total of 57 phenylpropanoids. Interestingly, we observed a wide range of metabolites comapping with metabolites both from within the same and different metabolite classes ( Supplemental  Table 15 ). For example, flavonoids in different subgroups, including anthocyanins, flavone O-glucuronic acids, and flavonol O-glycosides, comapped to 79.5 Mb on chromosome 1, 501.8 and 557.1 Mb on chromosome 2, and 67.5 Mb on chromosome 7. N-feruloyl tryptamine (Hm0432) in grain is an example of a metabolite co-mapping with metabolites in different classes; it comapped with more than 20 anthocyanins and flavone O-glycosides/glucuronic acids, primarily at 252.2 Mb on chromosome 1, 481.8 and 494.5 Mb on chromosome 2, and 70.3 Mb on chromosome 7. Similar results were obtained for N-feruloyl tyramine (Hm1513) and five flavone C-glycosides in the leaf ( Supplemental Table 16 ). These observations implied common genetic regulation of the UV-responsive metabolites, mainly phenylpropanoids and their derivatives, in qingke.
To identify potential barley-and qingke-differentiated signals that may have been selected during domestication, the level of population differentiation, F ST , was estimated. Genome-wide scanning by comparing barley and qingke accessions identified genomic regions totaling 272.6 Mb in length, mainly distributed on chromosomes 4, 7, and 2 ( Figure 3B , Supplemental Table 17 ). Conspicuously, Nud, a gene determining the covered/naked caryopsis phenotype, localized within the region located at 450 Mb on chromosome 7. When comparing the significant mGWAS loci for the 57 metabolites described above with differentiation regions, we found that a total of 90 significant loci for a total of 49 metabolites were located in the barleyqingke differentiation regions ( Supplemental Table 18 ), and the high-level trait alleles were found to be significantly enriched in 125 lead SNPs for 39 metabolites in qingke ( Supplemental  Table 19 ), including 32 phenylpropanoids ( Table 19 ). These observations strongly suggest that the phenylpropanoid pathway was specifically selected during both natural selection and artificial domestication of qingke.
Using combined biological and bioinformatics approaches, we then mined candidate genes by (1) looking for a protein that is biochemically related to the associated metabolic trait encoded at these loci;
(2) performing cluster analysis of candidate genes relative to homologous genes with known function; and (3) cross-referencing with statistical results of causal genes from gene-based GWAS. By applying these approaches, we identified 25 candidate genes among 23 significant loci responsible for the variation in metabolic traits (Table 1) . Of these significant loci, nine were located in the above-identified differentiation regions ( Figure 3B ).
Functional Interpretation of GWAS for Flavonoids
Flavonoids, which are widely reported phytochemical sunscreens, showed constitutive overaccumulation in qingke, suggesting that they play an indispensable role in UV-B protection.
For anthocyanins in grains (e.g., cyanidin 3-O-glucoside), more than 40 significant loci were identified (Supplemental Figure 3A ). We found a significant interaction between two major SNPs, SNP 2:501706734 (SNP at 501706734 bp on chromosome 2) and SNP 7:67565912, associated with the level of cyanidin 3-O-glucoside when calculating the pairwise epistatic interactions between the significant loci against the average accumulation of this metabolite within the full population. The effect of the C allele at SNP 7:67565912 on the increase in cyanidin 3-O-glucoside content was dependent on the T allele at 2:501706734, suggesting cooperative genetic control of the level of anthocyanins (Supplemental Figure 3B and 3C). Furthermore, SNP 7:67565912 is located 320 kb from HVUL7H03512, which is identical to HvC1, a reported anthocyanin synthesis gene (Himi and Taketa, 2015) (Supplemental Figure 3D ). SNP 2:501706734 is located 430 kb downstream of HVUL2H30287 (Supplemental Figure 3E ), which encodes a MYC transcription factor that was grouped with a gene, ZmLc, reported to be involved in regulating anthocyanin biosynthesis (Ludwig et al., 1989; Nesi et al., 2000) . Therefore one MYB and one MYC transcription factor are candidate genes that cooperatively regulate the accumulation of cyanidin 3-O-glucoside in the grain of qingke, which is consistent with the reported model for the regulation of the anthocyanin pigment pathway by the MYB/ MYC/WD40 complex in dicot species (Gonzalez et al., 2008) .
In addition to anthocyanins, we identified 28 significant loci controlling the accumulation of C-pentosylflavones, such as apigenin 8-C-pentoside (Hm1454), based on mGWAS and gene-based GWAS ( Supplemental Table 14 ). Of these loci, SNP333748763 on chromosome 1 is significantly associated with the level of apigenin 8-C-pentoside (P value of 7.7E-24) ( Figure 4A ). When searching for a candidate UGT in this locus, we found that the HVUL1H37998 gene (P fastBAT = 1.8E-21) is annotated as a UDP-dependent glycosyltransferase ( Figure 4A ), which contains the consensus sequence defining the plant secondary product glycosyltransferase box (Mackenzie et al., 1997) . In a phylogenetic tree of reported C-glucosyltransferases, OsCGT and ZmCGT, and their ortholog in qingke, HVUL7H03881, were clustered in one subclade, while HVUL1H37998 and its ortholog in rice, Os06g18670, were clustered into another subgroup, suggesting that HVUL1H37998 and HVUL7H03881 may catalyze the C-glycosylation reaction by utilizing UDP-pentoside and UDP-glucoside, respectively ( Figure 4B ). To characterize the enzymatic properties of these proteins, in vitro glycosylation activities were assayed for each enzyme using UDP-glucoside/ arabinose as sugar donors. In contrast to flavone O-glycosyltransferases, such as OsUGT707A2, which could directly use a flavone nucleus, such as apigenin, as a substrate and UDPglucoside as a sugar donor to synthesize apigenin 5-O-glucoside (Peng et al., 2017) 2009). Phloretin (tetrahydroxydihydrochalcone), a substrate in direct C-glycosylation, was used as sugar acceptor. As predicted, HVUL1H37998 was only able to produce a compound identified as phloretin 8-C-arabinoside, which was confirmed by retention time and the fragmentation patterns obtained from LC-MS/MS analysis ( Figure 4C and Supplemental Figure 4A ). This result was also observed in the Os06g18670 assay (Supplemental Figure 5A) . By contrast, HVUL7H03881 displayed activity with UDP-glucose; the reaction product gave a single peak that had the same retention time and fragmentation pattern as the product generated by the reported OsCGT ( Figure 4D and Supplemental Figures 4B  and 5B) . These results suggested that HVUL1H37998 and HVUL7H03881 are responsible for the biosynthesis of C-pentosylflavones and C-glucosylflavones in qingke, respectively.
To investigate the genetic variation responsible for the variation of apigenin C-pentoside, we resequenced HVUL1H37998 amplified from 39 selected barley/qingke accessions and searched for the possible functional polymorphism(s) within the promoter or coding regions ( Supplemental Tables 20 and  21 ). Transcript levels of HVUL1H37998, quantified by realtime quantitative reverse transcription PCR showed no significant correlation with the corresponding contents of apigenin 8-C-pentoside across the 38 barley/qingke varieties (Supplemental Figure 6 ), suggesting that the functional polymorphism was not in the promoter region. When searching for possible functional polymorphism(s) in the coding sequence regions underlying the natural variation of apigenin 8-C-pentoside, we found 11 highly significant associations between synonymous/nonsynonymous SNPs in HVUL1H37998 and the levels of apigenin 8-C-pentoside ( Supplemental Table 22 ). For example, one allelic mutation (SNP3, T334C) in the HVUL1H37998 coding region was significantly associated with levels of apigenin 8-C-pentoside, with P values up to 3.9E-8, and this mutation resulted in significant changes in amino acid polarity (Phe-Leu) between alleles I and II (Figure 4E and 4F) . We further tested the potential functional SNPs located in the coding sequence by comparing the enzymatic activities of proteins encoded by two alleles of HVUL1H37998. As shown in Figure 4G , the two allelic recombinant proteins exhibited distinct catalyst Retention time (min)
AtA3G2XylT IpA3G2GlcT 100 Four nonsynonymous SNPs were identified in the coding sequence, and site-directed mutagenesis showed that F112L and G315S strongly impair activity for the substrate phloretin, indicating that they could be functional polymorphisms responsible for natural variation of apigenin 8-C-pentoside ( Figure 4H ). However, the effects of unidentified polymorphisms cannot presently be dismissed.
Functional Interpretation of GWAS for Aromatic PAs
In addition to the constitutively over-accumulated metabolites, we investigated the aromatic PAs that showed strongest induction upon UV-B irradiation in qingke. The biosynthesis of tyramine-derived PAs, for example, N-feruloyl tyramine, involves the coupling of the hydroxycinnamoyl and tyramine moieties, which is catalyzed by tyramine hydroxycinnamoyltransferase (THT (Bassard et al., 2010) . Here we found a strong association between the level of N-feruloyl tyramine (Hm1513) and SNP 4:55652582 located on chromosome 4. HVUL4H14252 (P fastBAT = 4.0E-8) was located 5 kb downstream of this SNP, suggesting that this acyltransferase is a candidate for this GWAS hit ( Figure 5A and 5B) . In vitro enzymatic assays demonstrated that HVUL4H14252 displays strong acyl transfer activities with tyramine when incubated with feruloyl-CoA or coumaroyl-CoA ( Figure 5C and Supplemental Figure 7) . To further verify the in planta function of HVUL4H14252, we heterologously expressed it in N. benthamiana leaves using Agrobacterium-mediated transient expression (Sainsbury et al., 2009) , then performed LC/MS-based metabolic profiling. Expression of HVUL4H14252 in N. benthamiana leaves led to significantly elevated accumulation of both feruloyl tyramine and coumaroyl tyramine in . leaves (Figure 5D and 5E) . These results suggest that HVUL4H14252 is responsible for the biosynthesis of N-feruloyl tyramine in qingke. To investigate functional variations of HVUL4H14252, genomic fragments including the promoter regions and UTRs from 24 varieties were resequenced. We found a deletion of 97 bp in the second exon of HVUL4H14252 from low N-feruloyl tyramine producing accessions (Supplemental Figure 8) , resulting in a frameshift and premature protein termination. These observations indicated that deletion of 97 bp in the coding sequence of HVUL4H14252 could be the functional polymorphism responsible for natural variation of N-feruloyl tyramine content.
In addition, we observed another strong association between N-feruloyl tyramine content and SNP 4:472549559. HVUL4H00327 and HVUL4H11714, two highly similar genes (encoding proteins with 91% identity at the amino acid level) that lie in tandem 36 kb upstream and 3 kb upstream of this SNP, respectively, were associated with this metabolic locus ( Figure 5A ). Phylogenetic analysis showed that HVUL4H00327 and HVUL4H11714 grouped with HVUL4H14252, together clustering with tryptamine benzoyl transferase 1/2 and tryptamine hydroxycinnamoyl transferase 1/2 from rice, which have been reported to be active on tyramine in vitro (Peng et al., 2016 ) ( Figure 5B ). When incubated with feruloyl-CoA and tyramine in vitro, both HVUL4H00327 and HVUL4H11714 exhibited strong acyl transferase activities with tyramine ( Figure 5C ). Furthermore, HVUL4H00327, HVUL4H11714, and HVUL4H14252 also exhibited similar activities on tryptamine, and HVUL4H14252 also showed weak activity on serotonin (Supplemental Figure 7) . These results suggest that HVUL4H00327, HVUL4H11714, and HVUL4H14252 are all responsible for the biosynthesis of N-feruloyl tyramine in qingke.
When investigating differences in the transcriptional and metabolic responses to UV-B stress between qingke and barley, we observed that HVUL4H00327, HVUL4H11714, and HVUL4H14252 were strongly induced in the two qingke varieties, while no significant changes could be found in two barley varieties after 24 h UV-B irradiation ( Figure 5F) . Similar results were observed for the accumulation of N-feruloyl tyramine and two other aromatic PAs, including N-feruloyl tryptamine and N-feruloyl serotonin in qingke and barley ( Figure 5G) . These observations demonstrated that transcription of THTs and accumulation of aromatic PAs were induced in a speciesspecific manner in qingke.
Transcriptional Regulation Mechanism Underlying PA Biosynthesis
In addition to tyramine-derived PAs, we found that N-feruloyl tryptamine was strongly associated with two major loci, SNP 2:436021143 and SNP 2:529111791 (locus one and locus 2, Figure 6A ). Locus 1, SNP 2:436021143, is located 748 kb upstream of HVUL2H04696 (Figure 6B ), which encodes a transcription factor belonging to the MYB family, a member of which has been reported to regulate the accumulation of inducible putrescine and spermidine derivatives in tobacco leaves (Kaur et al., 2010) . To investigate the role of this MYB transcription factor, HVUL2H04696 was transiently overexpressed in tobacco leaves and metabolite profiling analysis was conducted. Accumulation of hydroxycinnamoyl tyramine and N-feruloyl serotonin was significantly upregulated in transient overexpression plants ( Figure 6C ). In addition, we observed substantially enhanced accumulation of putrescine and spermidine conjugates in the overexpression lines compared with the control plants ( Figure 6C) . Several phenylpropanoid upstream genes in tobacco, for example, NtPALB, NtC4H, Nt4CL1, and Nt4CL2, showed significantly increased expression in the transient overexpression lines ( Figure 6D ). Further investigation showed that HVUL2H04696 can directly bind to the promoter of Hv4CL in a yeast one-hybrid assay ( Figure 6E) . These results suggest that HVUL2H04696, as a MYB transcription factor, positively regulates the biosynthesis of both aromatic and aliphatic PAs in qingke.
Locus 2, SNP 2:529111791, is located at 3.1 kb upstream of HVUL2H29914 (P fastBAT = 7.6E-25, BAHD acyltransferase, Figure 6A ), which has been biochemically characterized and shown to produce the antifungal hydroxycinnamoylagmatine (Burhenne et al., 2003) . To test the activity of HVUL2H29914, we expressed the allele from qk132 (high content of N-feruloyl tryptamine) in E. coli and tested the purified recombinant protein for acyltransferase activity. HVUL2H29914 not only produced coumaroyl agmatine in the presence of agmatine ( Figure 6F ), which is consistent with a previous study (Burhenne et al., 2003) , but also generated a single peak that we identified as feruloyl tryptamine when incubated with feruloyl-CoA and tryptamine ( Figure 6F ). Significantly elevated accumulation of coumaroyl agmatine ( Figure 6G ) and feruloyl tryptamine ( Figure 6H ) was also observed in tobacco leaves that transiently over-expressed HVUL2H29914. These results demonstrated that HVUL2H29914 is involved in the biosynthesis of both agmatine and tryptamine-derived PAs in qingke.
DISCUSSION
Exposed to long-term and high-intensity UV-B radiation (Dahlback et al., 2007; Norsang et al., 2009) , qingke shows both constitutive and induced accumulation of phytochemical protectants, which is also observed in Arabidopsis . However, despite this similarity, different types of metabolites are utilized by qingke and Arabidopsis. In Arabidopsis, saiginols (phenylacylated-flavonol glycoside) show constitutive accumulation in the flower, and anthocyanins, flavonol O-glycosides, sinapoyl-malate precursors, and ascorbate display inducible accumulation in response to UV-B treatment Tohge et al., 2016) . By contrast, of these metabolites that are produced by qingke, all constitutively overaccumulate in this species. Moreover, qingke also overaccumulates flavone O-glycosides, flavone Oglucuronoids, flavone C-pentosides, and hydroxycinnamoyl quinates in a constitutive manner. It furthermore generates aromatic PAs in a UV-B-inducible manner, which has not been reported in Arabidopsis. When taken together these data suggest that qingke adopted the entire phenylpropanoid pathway for UV-B protection. In addition, the significantly higher level of these UV-protecting phenylpropanoids and the enriched frequency of the high-level alleles of these traits at significant loci compared with barley suggest that the whole phenylpropanoid pathway has been selected in qingke.
It has been reported that flavonol and anthocyanin metabolism are involved in plant freezing tolerance (Isshiki et al., 2014; Schulz et al., 2015 Schulz et al., , 2016 . Based on our results, the overaccumulation of flavonoids and aromatic PAs in qingke possibly plays not only an important role in UV-B protection, but also contributes to coping with freezing damage. Apart from UV-B and freezing damage, the hypobaric environment on the Tibetan Plateau, which imposes stresses including hypopbaria, hypoxia, and water loss, may also contribute to the overaccumulation these metabolites in qingke. When plants are exposed to hypobaria, hypoxia, or drought, overproduction of phenolics, anthocyanins, and flavonols has been observed (He et al., 2013; Nakabayashi et al., 2014) . Moreover, based on our finding that many hydroxycinnamic acids, anthocyanins, and flavonoids showed significant overaccumulation in qingke when compared with the barley and hulless barley from non-Tibetan Plateau areas, we therefore anticipate that overaccumulation of these metabolites also contributes to coping with hypobaria, hypoxia, and water loss in qingke. However, whether the phenylpropanoid pathway was under selection pressures imposed by all three stresses, hypopbaria, hypoxia, and drought, in this species needs further investigation.
In contrast to the fact that anthocyanins and flavones/flavonols are synthesized in a competitive yet carefully regulated manner in many species including Arabidopsis and rice (Luo et al., 2008; Routaboul et al., 2012; Dong et al., 2014; Zhang et al., 2015b) , the anthocyanins, flavone/flavonol O-glycosides and flavone Oglucuronides in qingke displayed coregulation, strongly suggesting that a qingke-specific transcriptional regulation network is controlling the upstream flavonoid biosynthesis genes. It is conceivable that such a network is under the control of the MYB and MYC transcription factors identified in our study. In addition, coregulation of different types of phenylpropanoid compounds and their derivatives, including flavonoids, coumarins, PAs, and hydroxycinnamoyl quinates, was also observed ( Figure 3A and Supplemental Table 16 ). Because diverse phenylpropanoid-related metabolites simultaneously accumulated at higher levels in qingke, we concluded that coselection of different classes of phenylpropanoid-related metabolites in various tissues in this species occurred during natural selection and domestication. Considerable research will, however, be required to fully characterize this response in qingke and to assess whether it involves the canonical HY5 and UVR8 pathways (Stracke et al., 2010; Jenkins, 2014; Clayton et al., 2018) .
C-Glycosylation has been regarded as the key step in the biosynthesis of flavone C-glycosides, the major class of flavonoids in cereal crops. Here we not only identified two CGTs, one catalyzing flavone C-hexosylation and one catalyzing flavone C-pentosylation, but also demonstrated that natural variation of flavone C-pentoside transferase was determined by two nonsynonymous amino acid residues, indicating that the levels of flavone C-glycosides in qingke are controlled by at least two types of enzymes, one using UDP-glucoside and one using UDP-arabinose. This result is consistent with the phylogenetic analysis of CGTs from monocot plants in the Gramineae family (Supplemental Figure 9 ). However, whether there was a common ancestral CGT before the divergence of monocot and dicot plants, and whether the divergence of sugar specificity occurred after the appearance of the Gramineae family, remain unknown.
So far, plant THTs are mainly reported as members of the GNAT family in Solanaceae; no homologous protein was found in qingke, or even in rice or maize, indicating that another distinct enzyme is responsible for this step. Here we demonstrated that three BAHD transferases from qingke can produce tyramine conjugates in vitro as well as in tobacco leaves. In addition, these BAHD transferases show high similarity with Os-THT1/2 and Os-TBT1/2, which have been biochemically shown to function as bifunctional tryptamine/tyramine BAHD N-acyltransferases in rice (Peng et al., 2016) . These results suggest that convergent evolution of biosynthesis of tyramine-derived PAs in cereal crops is controlled by BAHD enzymes as opposed to GNAT family proteins. The THT activities previously detected in extracts of the roots of wheat and barley seedlings (Louis and Negrel, 1991) would therefore likely be considered BAHD activities. However, neither GNAT-nor BAHD-type THT orthologs can be found in other dicot plants such as Arabidopsis and poplar, potentially suggesting a lack of the tyramine-derived PA biosynthetic pathway in these species.
MYB transcription factors have often been reported as regulatory genes of the phenylpropanoid pathway . NaMYB8 has been reported to control aliphatic PA synthesis in tobacco (Kaur et al., 2010) . Here, we identified HVUL2H04696 as a MYB transcription factor regulating the biosynthesis of both aromatic PAs (e.g., tyramine conjugates) and aliphatic PAs such as putrescine and spermidine conjugates. Branches of the phenylpropanoid pathway such as flavonol and chlorogenic acid biosynthesis, however, are not affected in plants overexpressing HVUL2H04696, indicating the high specificity of this MYB in the regulation of PAs. In addition, yeast one-hybrid analyses demonstrated that HVUL2H04696 can directly bind to the promoter of Hv4CL (Figure 6E ), which is different from NaMYB8, which instead bind to the promoters of PALA and PALB. The exact mechanism underlying the differential regulation of these two MYBs in PA biosynthesis, however, requires further investigation.
Our combined strategies have revealed constitutive and induced overaccumulation, common genetic regulation, and co-selection of different phenylpropanoid branches during adaptation to UV-B in qingke. Further dissection of the entire phenylpropanoid pathway has identified a number of novel structural and regulatory determinants controlling the natural variation of phenylpropanoids. Its diploid nature and adaptation to the diverse harsh environments of the highland render qingke a unique resource for genetic research on crop improvement.
METHODS
Plant Materials
A diverse worldwide collection of 196 qingke and barley accessions including both wild and landrace accessions was obtained. Information about the accessions, including variety name and place of origin, is listed in Supplemental Table 1 . To study natural variation of the metabolome, mature seeds were randomly collected and pooled for metabolic profiling. Two biological replicate grain samples obtained from the accessions were used for GWAS. To compare the metabolic accumulation between qingke and other hulless barley accessions, 45 hulless barleys from non-Tibetan Plateau areas were collected (Supplemental Table 6 ), and mature grains and leaves at the five-leaf stage were used for metabolic analysis. To provide insights into the metabolic response of qingke under UV-B exposure and cold stress (4 C), two qingke varieties from clade II (qk42 and qk53) and one purple grain qingke from clade III (qk132, Figure 1B) were selected and the seedlings were used for the stress treatment. All the samples were harvested between 10:00 and 12:00 h, placed in liquid nitrogen immediately, and stored at -70 C until vacuum freeze-drying. Samples were taken from three different plants per line and pooled for each biological replicate.
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Co-selection of UV-B Responsive Pathways in Qingke
Chemicals
All chemicals were of analytical reagent grade. Gradient-grade methanol, acetonitrile, and acetic acid were purchased from Merck (Germany; http:// www.merck-chemicals.com). The water was doubly deionized with a Milli-Q water purification system (Millipore, Bedford, MA). Authentic flavonoid standards were purchased from ANPEL (Shanghai, China www. anpel.com.cn/cnw), BioBioPha Co., Ltd (http://www.biobiopha.com/), and Sigma-Aldrich, USA (http://www.sigmaaldrich.com). Stock solutions of standards were prepared using water, methanol, and/or DMSO as the solvent and stored at -20 C. Combined standard solutions of flavonoids were prepared just before use by mixing individual stock solutions and diluting these mixtures with 70% aqueous methanol.
Metabolite Profiling
The freeze-dried leaves were crushed using a mixer mill (MM 400, Retsch) with zirconia beads for 1.5 min at 30 Hz. A 100-mg mass of powder was weighed and extracted overnight at 4 C with 1.0 ml of 70% aqueous methanol. Following centrifugation at 10 000 g for 10 min, the extracts were filtered (SCAA-104, 0.22 mm pore size; ANPEL, Shanghai, China, http://www.anpel.com.cn/) before LC-MS analysis. Linear ion trap (LIT) and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap MS (QTRAP) using an API 4500 QTRAP LC/MS/MS System, which was equipped with an ESI Turbo Ionspray interface operated in positive ion mode and controlled by Analyst 1.6.2 software (ABSciex). The ESI source operation parameters were as follows: ion source, turbo spray; source temperature, 550 C; ion spray voltage (IS), 5500 V; ion source gas I (GSI), gas II (GSII), and curtain gas (CUR) were set at 55, 60, and 25.0 psi, respectively; and the collision gas (CAD) was high. Instrument tuning and mass calibration were performed with 10 and 100 mmol/l polypropylene glycol solutions in QQQ and LIT modes, respectively. The QQQ scans were acquired as multiple reaction monitoring (MRM) experiments with the collision gas (nitrogen) set to 5 psi. The declustering potential (DP) and collision energy (CE) for individual MRM transitions were performed with further DP and CE optimization. A specific set of MRM transitions was monitored for each period according to the metabolites that were eluted within this period.
Population Structure Analyses Using Metabolomics Data
Neighbor-joining tree and PCA plots were used to infer the structure of the barley population. The data matrix was generated from 196 barley varieties and 2200 detected grain metabolites, which represented the contents of each metabolite in different populations. The pairwise population distance was used to construct a neighbor-joining tree using the software PHYLIP (version 3.69). The software TreeView and MEGA5 were used for visualizing the phylogenetic tree.
PCA was performed with metabolite data that were log2 transformed to improve normality. For hierarchical clustering analysis in the study of developmentally controlled accumulation and natural variation of metabolites, metabolite data were first log2 transformed, and this was followed by min-max normalization. Identification of differential accumulation of metabolites between different tissues/varieties was determined by partial least squares-discriminate analysis (PLS-DA) with VIP values (variable importance for the projection) > 1, followed by ANOVA (P % 0.05). PCA and PLS-DA were performed with SIMCA-P version 14.0.
Genome-wide Association Analyses
Only SNPs with minor allele frequencies R 0.05 and with the number of varieties having the minor allele in a (sub)population R6 were used to carry out GWAS. Population structure was modeled as a random effect in LMM using the kinship (K) matrix, and we found that this was sufficient to control spurious associations because the genomic inflation factor was near one in all GWAS analyses. We performed GWAS using the LMM provided by the FaST-LMM program (Lippert et al., 2011) . The genome-wide significance thresholds for GWAS were determined using a ''modified'' Bonferroni correction method described previously, in which the total number of SNPs (M) for threshold calculation was replaced by the effective number of independent SNPs (Me) (Li et al., 2012) .
Statistical Analysis
The values of the CV were calculated independently for each metabolite (using the mean of the biological replicates of the untransformed m-trait data) as follows: s/m, where s and m are the SD and mean of each metabolite in the population, respectively. Linkage disequilibrium (LD) was estimated using standardized disequilibrium coefficients (D 0 ), and squared allele-frequency correlations (r 2 ) for pairs of SNP loci were determined according to the TASSEL program. TASSEL was also used to identify SNP-trait associations by generating a general linear model.
Fast Set-Based Association Analysis (Gene-Based GWAS)
The fast set-based (gene-based) association analysis for metabolic traits was performed using association data from mGWAS and LD data with a modified method (Bakshi et al., 2016) . Upon performing the gene-based test with a user-friendly software tool (GCTA-fastBAT, http:// cnsgenomics.com/software/gcta/fastBAT.html), a SNP set was defined as the SNPs within ±50 kb of the UTRs of a gene or each gene, the gene-based association P value (P fastBAT ) was calculated by contrasting the observed T value to an empirical distribution generated from resampling under the null hypothesis (PLINK uses permutations). A gene discovery was defined as a gene that passed the genome-wide significance level (P fastBAT < 2.0E-6).
F ST Analysis
Developed as a special case of Wright's F statistics, the fixation index (F ST ) is one of the most commonly used statistics in population genetics, and it is a measure of population differentiation due to genetic structure, which is frequently estimated from genetic polymorphism data, such as SNPs (Holsinger and Weir, 2009 ). Estimates of F ST can identify regions of the genome that have been the target of selection, and comparisons of F ST from different parts of the genome can provide insights into the demographic history of populations. For selection signature analysis, SNPs of the whole genome were used, and a sliding-window approach (200-kb windows sliding in 40-kb steps) was employed to quantify genetic differentiation (F ST ) for barley and qingke populations using the VCFtools software. Windows with F ST values exceeding an empirical F ST cutoff (top 5%) were regarded as highly differentiated regions. Windows separated by less than 200 kb were merged into a single nonoverlapping region.
Phylogenetic Analysis
The amino acid sequences of reported genes including CGTs, BAHD transferases, and MYB transcription factors were obtained from NCBI according their accession numbers (http://www.ncbi.nlm.nih.gov/). Candidate gene information in this study was obtained from the draft assembly of the qingke genome (Zeng et al., 2015) . The alignment of amino acid sequences was performed using ClustalW bundled in MEGA 5, and neighbor-joining trees were constructed using MEGA 5 software with all default parameters. The reliability of the reconstructed tree was evaluated using a bootstrap test with 1000 replicates.
Genotyping of HVUL1H37998 and HVUL4H14252
Genomic DNA used as a PCR template was extracted from selected qingke and barley accessions using 1.5 3 CTAB buffer. Amplification of both HVUL1H37998 and HVUL4H14252 (Supplemental Table 23 ) was performed by PCR using a PCR Mix (2xTSINGKE Master Mix, TSE004). PCR was performed in a GENETEST thermo cycler (Hangzhou Bio-Gener Technology) with the following cycling profile: 94 C for 5 min, followed by 35 cycles of 94 C for 30 s, 58 C for 30 s, and 72 C for 90 s, and a final 7 min extension at 72 C.
Recombinant Protein Purification and Enzyme Assay
Sequence information of structural and regulatory genes of qingke validated in this study is listed in Supplemental Table 23 . We isolated total RNA from rice using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The PCR primers were designed using Primer Premier V (Supplemental Table 24 ). The full-length cDNA of each candidate gene was cloned into the pGEX-6p-1 expression vector (Novagen) with a glutathione S-transferase tag. Recombinant proteins were expressed in BL21 (DE3) cells (Novagen), and pellets were resuspended in lysis buffer (50 mM Tris-HCl [pH 8.0], 400 mM NaCl). The cells were disrupted using a high-pressure cracker, and the crude protein supernatants were obtained by centrifugation (14 000 g, 1 h). All recombinant proteins were purified as follows: glutathione Sepharose 4B agarose (GE Healthcare) was added to the supernatant containing the target proteins. After incubation for 1 h, the mixture was transferred into a disposable column and washed extensively with lysis buffer (5 column volumes). Target proteins in collected fractions were confirmed by SDS-PAGE, and purified recombinant proteins were used for enzyme assays.
The in vitro glycosyltransferase assay was performed in a total volume of 100 ml containing 200 mM flavonoid acceptor, 1.5 mM UDP-sugar donor, 5 mM MgCl 2 , and 500 ng purified protein in Tris-HCl buffer (100 mM [pH 7.4]), and the reaction mixture was incubated at 37 C for 15 min. The in vitro acyltransferase assay was performed in a total volume of 100 ml containing 50 mM hydroxycinnamoyl-CoA donor, 100 mM amide acceptor, and 500 ng purified protein in Tris-HCl buffer (100 mM [pH 7.4]).
After incubating for 10 min, the reaction was stopped by adding 300 ml of ice-cold methanol. The reaction mixture was then filtered through a 0.2-mm filter (Millipore) before being used for LC-MS analysis.
Transient Expression of Heterologous Proteins in N. benthamiana
Constructs for transient expression of candidate genes were generated by first directionally inserting the full-length cDNAs into the entry vector pDONR207 and then into the destination vector pEAQ-HT-DEST2 (GQ497236.1) using the Gateway recombination reaction (Invitrogen). The constructs were then transformed into Agrobacterium tumefaciens (EHA105). Positive clones were selected and grown to optical density at 600 nm (OD 600 ) of 1.6 in 50 ml of LB medium (5 g/l yeast extract, 10 g/l tryptone, 10 g/l NaCl), washed with washing buffer (10 mM 2-(N-morpholino) ethanesulfonic acid [MES] [pH 5.6]), and resuspended in MMA buffer (10 mM MES [pH 5.6], 10 mM MgCl 2 , 100 mM acetosyringone) to an OD 600 of 0.8. The culture was incubated for 2 h at room temperature, and 1 ml of culture was infiltrated into the underside of 6-week-old N. benthamiana leaves.
ACCESSION NUMBERS
The sequence data of 46 of the 196 qingke/barley accessions have been deposited in NCBI under the BioProject accession number PRJNA574786 with the Sequence Read Archive (SRA) number SRP223632. The sequencing data of the remaining 150 qingke/barley accessions are available in NCBI under the BioProject accession number PRJNA417220 with SRA number SRP131710 (Zeng et al., 2018) .
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